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Abstract 



Prompted by the recent surprising results in QCD spectroscopy, we extend 
the treatment of the constituent quark model showing that mass differences 
and ratios have the same values when obtained from mesons and baryons. 
We obtain several new successful relations involving hadrons containing two 
and three strange quarks and hadrons containing heavy quarks and give a 
new prediction regarding spin splitting between doubly charmed baryons. We 
provide numerical evidence for an effective supersymmetry between mesons 
and baryons related by replacing a light antiquark by a light diquark. We also 
obtain new relations between quark magnetic moments and hadron masses. 
Limits of validity of this approach and disagreements with experiment in prop- 
erties of the £ and H baryons are discussed as possible clues to a derivation 
from QCD. 
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I. INTRODUCTION 



A. What is a constituent quark? 

Nature tells us in experimental data that mesons and baryons are made of the same 
building blocks, sometimes called "constituent quarks" . Mesons are two blocks and nothing 
else, baryons are three blocks and nothing else, and no present theory tells us what they are. 

The challenge for QCD is to explain the structure of these blocks in quarks, antiquarks 
and gluons and why they are the same in mesons and baryons. 

Early evidence that mesons and baryons are made of the same building blocks appeared 
in the remarkable successes of the constituent quark model. Static properties, low lying 
excitations and total scattering cross sections of both mesons and baryons are described as 
simple composites of asymptotically free quasiparticles with given effective masses [1-5]. 

The last few years have brought a rich crop of surprises in QCD spectroscopy [6] . These 
include too many experimental results relating mesons and baryons to be an accident. Their 
explanation remains a challenge for QCD [7-9]. Some of the new states seen have not 
been predicted at all; others are exceedingly narrow with properties very different from 
most theoretical expectations. This has prompted us to re-examine several aspects of the 
constituent quark model, to extend the experimental basis for simple meson-baryon relations 
and to search for clues to the eventual description by defining the domain where the simple 
model succeeds and where it fails. 

Extending these mesons-baryon relations to include heavy quarks shows that the simple 
constituent quark relations hold in some cases and break down in others. They hold between 
mesons that are bound states of a quark of any flavor and a color antitriplet light antiquark 
fermion, and baryons that are bound states of a quark of the same flavor and a color 
antitriplet light diquark boson, for all quark flavors. They seem to break down for states 
containing more than one heavy or strange quark. 

Thus the QCD interaction between a color triplet heavy quark and a color antitriplet 



2 



light quark system appears not to be sensitive to the structure of the light quark system; 
i.e. whether the color antitriplet is an antiquark or a color antitriplet ud pair. This suggests 
some kind of effective super symmetry between hadrons related by replacing a light fermion 
by a light boson. The question arises whether these relations are obtainable from any of the 
known approaches to QCD or come from an effective light quark supersymmetry which is 
yet to be derived from QCD. So far the experimental evidence is impressive, and none of 
the various approaches to QCD seem to incorporate this symmetry. This is a very exciting 
challenge for theory. 

The relation between the constituent quarks and the fundamental fields appearing in the 
QCD Lagrangian, the current quarks, remains to be understood. Perhaps there is no such 
relation and the success of the constituent quark model in relations between mesons and 
baryons is only a key to a hidden diquark-antiquark symmetry or effective supersymmetry. 

Until now, lattice QCD is the only theoretical approach which starts from the funda- 
mental fields of QCD and computes the spectrum. Despite this, many phenomenological 
relations between observables are hard to understand within the framework of lattice QCD, 
while they appear natural in the constituent quark model. This is why the elucidation of 
the relation between the effective and fundamental degrees of freedom is so important. 

The obvious approach of treating a constituent quark as a current quark, valence quark 
or "bare quark" surrounded by a cloud or "sea" of gluons, qq pairs or pions has been tried 
many times and failed. A major difficulty is explaining how the same cloud works for the 
constituent quarks in both mesons and baryons. There are also sea quark effects which 
are known to be important for magnetic moments [10]. The constituent quarks somehow 
automatically incorporate such effects. What is missing and what we are unable to do at this 
stage is a theoretical derivation of such effects from first principles and their incorporation 
into the quark model. 

Gell-Mann has suggested that constituent quarks are related to current quarks by a uni- 
tary transformation. However no such unitary transformation has been found. It may well 
be as complicated as the transformation between the electrons in QED and the quasipar- 
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tides needed to explain the fractional quantum Hall effect. Or it may not exist at all and 
merely be manifestation of a hidden effective supersymmetry. 

We search for further illumination on this question by pursuing the successes and failures 
of the simple constituent quark model in unambiguous predictions of experimental data 
which can be clearly shown to be either right or wrong without adjusting free parameters. 



B. Some Simple Successes 

The successes of the constituent quark model in explaining regularities in experimental 
data that are not explained by other approaches are already too extensive to be dismissed 
as accidental. For example, calculations from experimental baryon masses and from meson 
masses give the same values ±3% for the effective quark mass difference m s — m u between 
the strange and up quarks and their mass ratio m s /m u . QCD calculations have not yet 
succeeded to explain these striking experimental facts. The search for some QCD model for 
the structure of the constituent quark or a unitary transformation or effective supersymmetry 
is therefore of interest. 

We search for clues to this structure or transformation by extending the domain where 
the simple model works as far as possible, while noting also the limits of its validity. One 
remarkable success of this model is its prediction [f f] of the absolute value of the isoscalar 
nucleon magnetic moment [12] with no free parameters. 

/lp + /i n = 2M !) -^= ~ M/V W = 0.865 n.m. (EXP = 0.88 n.m.) (1.1) 

where Qi = ^ • ( ^ — ^) — ^ and Mj = ^ • (M N + M A ) denote the charge and mass, 
respectively, of an effective "isoscalar nonstrange quark" . 

This simple derivation of the isoscalar nucleon moment is remarkable for giving an ab- 
solute prediction, not merely a ratio. It sets a mass scale in remarkable agreement with 
experiment by simply stating that the isoscalar nucleon magnetic moment is the Dirac mo- 
ment of an isoscalar quark with a charge of (1/6) and a mass (1/3) of the mean mass of the 
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nucleoli and the A; i.e. the mass of a three quark system with the hyperfine energy removed. 
This value for an "effective" quark mass originally proposed by Sakharov and Zeldovich [1] 
has led to many successful relations between hadron masses [1-3]. 

This one prediction assumes no specific spin couplings of the quarks; e.g. SU(6), as in 
the ratio relations [13]. The total spin contribution to the magnetic moment of a system of 
three identical quarks coupled to total spin 1/2 is rigorously equal to the magnetic moment 
of a single quark. Why this works so well and how this scale arises from a real theory is a 
challenge for QCD and is not easily dismissed as an accident. 

Constituent quark predictions for the proton, neutron and A magnetic moments follow 
of a baryon model of three constituent quarks and nothing else with Dirac moments having 
effective masses determined uniquely from hadron masses. The success of this description 
implies a complicated structure for the constituent quarks. The physical proton is known 
to consist of three valance quarks, a sea of quark- ant iquark pairs and gluons. That all 
these constituents can be described so well by three constituent quarks and nothing else and 
give such remarkable agreement with experiment is a mystery so far unexplained by QCD. 
Continuing this approach leads to remarkable agreement with experiment following from 
the assumption that all ground state baryons are described by three constituent quarks and 
nothing else and that all ground state mesons are described by quark antiquark pairs and 
nothing else and that the constituent quarks in mesons and baryons are the same. 

A completely different experimental confirmation of this picture is seen in the relations 
between meson-nucleon and baryon-nucleon total cross sections [4,5]. One example is the 
successful predictions for baryon-nucleon total cross sections from meson-nucleon cross sec- 
tions at Pi ab = 100 GeV/c, 

38.5 ± 0.04 mb = a tot {pp) = 3a tot (n + p) - -a tot (K-p) = 39.3 ± 0.2 mb (1.2) 
33.1 ± 0.31 mb = a tot (Ep) = -{<j tot (K + p) + a tot {ij-p) - a tot {K-p)} = 33.6 ± 0.16mb (1.3) 

29.2 ± 0.29 mb = a tot (Ep) = -a tot (K + p) = 28.4 ± 0.1 mb (1.4) 
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But we still do not know what the constituent quark is. 

C. The search for further clues 

We continue this search for clues to the nature of the constituent quark by presenting 
here new relations between meson and baryon masses that are in surprising agreement with 
experiment. On the other hand we sharpen the disagreement between the experimental 
values of hyperon magnetic moments and the predictions of this simple picture. 

We find relations between masses of mesons and baryons containing two or more strange 
quarks which confirm this picture. This is made possible by assuming that the spin depen- 
dence of the qq and qq interactions is that of a hyperfine interaction with the ratio of 1/ (-3) 
between triplet and singlet states, and that the interaction is proportional to the product 
of the quark color magnetic moments which are proportional to the quark electromagnetic 
magnetic moments determined from the measured nucleon and A moments. 

We also examine new relations involving masses of hadrons containing heavy quarks. 
The same approach used for light hadrons leads to successful mass relations between hadrons 
containing one heavy quark and light u and d diquarks or antiquarks. 

The approach breaks down for states containing additional heavy or strange quarks or 
antiquarks. This suggests that the distance between two heavy quarks can be sufficiently 
small to be in the range of the strong short-range coulomb-like force. In states containing 
only one heavy quark the low mass of the rest of the system produces a low reduced mass and 
therefore a high kinetic energy for localization in the domain of the coulomb-like interaction. 
We also present cases where the simple model fails, since the contrast between extraordinary 
success and failure can provide clues to the more fundamental derivation from QCD. 
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II. NEW MASS RELATIONS BETWEEN MASSES OF HADRONS 
CONTAINING TWO STRANGE QUARKS 

The first suggestion that hadron spin splittings arise from a qq and qq hyperfine inter- 
action that is the same in mesons and baryons was due to Andrei Sakharov, a pioneer in 
quark-hadron physics. He asked in 1966 "Why are the A and £ masses different? They are 
made of the same quarks". Sakharov and Zeldovich [1] assumed a universal quark model for 
both mesons and baryons with a flavor dependent linear mass term and hyperfine interac- 
tion. The success in fitting experiment of this Sakharov-Zeldovich universality which relates 
meson and baryon masses with the same quark mass parameters remains a challenge to 
QCD. So far all QCD treatments tend to treat meson and baryon structures very differently. 

The updated [13] version of the Sakharov-Zeldovich mass formula [1] is 

% %>] 1 j 

where m« is the effective mass [14] of quark j, ex, is a quark spin operator and v\^ v is a 
hyperfine interaction with different strengths but the same flavor dependence. 
Eq. (2.1) yields to the following expressions for baryon masses 
M N = 3m u - 3V hyp (uu) 

M A = 3m u + 3V hyp {uu) 

M A = 2m u + m s - 3V hyp (uu) 

M s = 2m u + m s + V hyp (uu) - AV hyp (us) 

(2.2) 

M s * = 2m u + m s + V hyp (uu) + 2V hyp (us) 

M H = 2m s + m u + V hyp (ss) - W hyp (us) 

M 5 * = 2m s + m u + V hyp (ss) + 2V hyp (us) 

M n - = 3m s + 3V hyp (ss) 
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An immediate and well known consequence of the universality of eq. (2.1) is a relation 
showing that the mass difference m s — m u has the same value [12] when calculated from 
baryon masses and meson masses [1]. 

(m s -m u ) Bar = M sud -M uud = M A -M N = 177 MeV 

3(M Vs -M v J + (M Vs -M P J 3(M K *-M p )+M K -M n 
(m s -m u ) Mes = = ^ = 178 MeV 

(2.3) 

where the "Bar" and "Mes" subscripts denote values obtained from baryons and mesons, 
and V and V denote vector and pseudoscalar mesons, respectively. 

The original Sakharov-Zeldovich mass formula has no mass dependence in the hyper- 
fine interaction. The mass dependence was introduced later [13] and used to derive the 
A moment. A weaker version [11] which did not use a mass dependence used a hyperfine 
interaction proportional to the product of quark color magnetic moments which are in turn 
proportional to quark electromagnetic moments. The relation between these three versions 
of eq. (2.1) in fitting hadron masses and magnetic moments has been studied in detail [15]. 
The question of whether the quark masses appearing in the two terms in eq. (2.1), the ad- 
ditive mass term and the hyperfine interaction, should have the same values in both terms 
has been analyzed in fits to all previously available data. We go beyond this treatment [15] 
in looking for new relations not previously considered while keeping track of which of the 
three versions of eq. (2.1) is used in each case. 

We first obtain interesting new relations from the assumption that the qq and qq hy- 
perfine interactions are proportional to the product of the color magnetic moments of the 
quarks without assuming a specific mass dependence and then relate this to the quark elec- 
tromagnetic moments. 

Let Vh yp (uu), Vhypius) and Vh yp (ss) denote the color magnetic energies respectively in 
the mm, us and ss systems in states of spin 1 and assume that the spin dependence of 
the interaction is that of a hyperfine interaction with the ratio of l/(-3) between triplet and 
singlet states. The ratio [Vh yp (uu) — Vhy P (ss)]/Vh yp {uu) can then be obtained in two different 
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0.31 (2.4) 



0.28 (2.5) 



ways from the baryon spectrum, 

M A - M n - + 3 [M A - M N ] = 3 ■ [V hyp {uu) - V hyp (ss)] 
M A - M N QV hyp (uu) 

3[M S * - M s * + M A - M N ] = 3 ■ [V hyp (uu) - V h yp(ss)] 
M A - M N ~ ' QV hyp (uu) 

where the l.h.s. of eqs. (2.4) and (2.5) are constructed so that the contributions of the quark 
mark differences cancel. 

Combining (2.4) and (2.5) gives a precise relation between decuplet hyperfine splittings, 
good to 2%, 

M s * - M s * = (m s - m u ) - V hyp (uu) + V hyp (ss) = 149 MeV 

.] / v . — Ma Mn- — .\ I- ■ l 
- + — ^ — = (m s - m u ) - V hyp {uu) + V hyp {ss) = 146 MeV 

The importance of the flavor dependence of the hyperfine interaction is seen in the contrast 
between this agreement and an analogous test of the "equal spacing rule" for SU(3) breaking 
in the decuplet which neglects this flavor dependence and is good only to 10%, 

M E * - M A = (m s - m u ) - 2V hyp {uu) + 2V hyp {us) = 153 MeV 

(2.7) 

Mo- - M s *- = (m s - m u ) + 2V hyp (ss) - 2V hyp (us) = 139 MeV 

If hyperfine splittings in mesons are also proportional to the analogous product of color 
magnetic moments, then 

2[M p -M ] + 4[M A -M jV ] = 2 ■ [V hyp (uu) - V hyp (ss)] = Q ^ 
M p -M w ±V hyp (uu) 

where Vh yp (uu) and Vh yp (ss) denote the color magnetic energies respectively uu and ss 
systems in states of spin 1 and we assume that the flavor SU(3) breaking factor has the 
same value for qq and qq hyperfine interactions 

V hyp (ss) _ V hyp (ss) 



V hyp {uu) V hyp (uu) 

Then 



(2.9) 



M A - M n + 3 [M A - Mat] 



0.31 



2[M p -M^]+4[M A -Mv] 



0.35 (2.10) 



M A - M N 

If we assume that the color magnetic moments and the electromagnetic moments of the 
quarks are proportional to one another [13] we obtain 



M A - M n - + 3[M A - M^] = 3 ■ [V hyp (uu) - V hyp (ss)} = = 1 
M A -M N QV hyp (uu) ' 2' 



1- ^ 



(2-11) 



3 [M s * -M s * + M k -M N ] = 3 ■ [V hyp {uu) - V hyp {ss)} = 2g = 1 
M A - Ma ' QV hyP (uu) ' ' 2 



1 - 



(2.12) 



This gives two values for the quark magnetic moment ratio obtained from baryon masses 



^ =1.61; 

mass 



^ =1.52; 



average: [ — j =1.57 (2.13) 



E* 
mass 



s I ss 
mass 



to be compared to the ratio obtained [13] from measured magnetic moments 



mag 



3/i A 



1.54 



(2.14) 



III. RELATIONS BETWEEN MASSES OF BARYONS AND MESONS 
CONTAINING LIGHT QUARKS 

The relation (2.10) has been obtained only by relating the flavor dependences of the hy- 
perfine interactions in mesons and baryons without relating them to quark masses. Including 
the explicit dependence on the quark masses [13] now gives 



M A - M n - + 3[M A - Mat] _ 3 • [V hyp (uu) - V hyp (ss) 



M A - M N 



QV hyp (uu) 



= 0.31 = 



m,. 



m s ' Bar ss 



(3.1) 



2[M P - M ] + 4[M A - Mat] 2 • \V hyp (uu) - V hyp (ss)} 



M p - M^ 



4V hyp (uu) 



0.35 



1 

2 



1 - 



m s / Mes ss 



(3.2) 
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Solving these equations for the ratio m s /m u gives two values obtained respectively for 
mesons and baryons from the ratio of the doubly-strange hyperfme interaction to the corre- 
sponding nonstrange interaction, 

m s \ _VU") =L61 . (IM = VUss) = L8Q (33) 



>TTl u J Bar ss Vhyp( uu ) \ m u' Mes ss ^hyp^Uu) 

These can be compared with the value for m s /m u obtained from the ratio of the singly 
strange hyperfme interaction Vh yp (su) to the corresponding nonstrange Vh yp {uu) as given by 
eq. (2.1), 

(ah) = ?J>- M » = 1.53 * (!Sl) =1.60 (3.4) 

\m u J Bar Ms-, My \m u J Mes M K * - M K 

The 5% difference between quark mass ratios obtained from meson and baryon masses 
is sufficiently small to provide a challenge to models of QCD. The model-dependent expla- 
nations for this difference in simple potential models [2] are beyond the scope of the present 
treatment. They give a flavor-independent difference of about 50 MeV between the effec- 
tive quark masses of mesons and baryons. This provides the needed correction to relations 
between effective quark mass ratios while not affecting mass differences and explains why 
these corrections are smaller for heavier quarks. 

The increase in the value of m s /m u with decreasing hadron radius is seen to continue 
monotonically also when the doubly strange mesons and baryons are included. 

^ <(=0 <(¥) <(?) ; (r'U > (r\ > (r>)« > (O, (3.5) 



S TTL U / Bar VWlu/ Mes \ J7J.it/ Bar ss \TTl u / Mes ss 

where (r 2 ) denotes the mean square distance between two constituents in the hadron. 

IV. NEW RELATIONS BETWEEN MESON AND BARYON MASSES FROM 
HADRONS CONTAINING HEAVY QUARKS. 



We now continue to generalize eq. (2.1) to other flavors where excellent results 
have already been obtained [16]. Consider hadrons containing a quark qi or qj 
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and a "spectator" color antitriplet x. Thus, given the masses of two vectors 
\Vi) = |<?i^) J=1 and \Vj) = \qjX) J=1 , as well as the masses of the corresponding pseu- 
doscalars, \Vi) = \qix) J=0 and \Vj) = \qjx) J=0 , we have, in analogy with the second 
equation in (2.3), 

{m qi - m qj ) xMes = 3 — = M{Vi) - M(Vj) (4.1) 

where M(Vi) = (3M Vl + MpJ/4 is the meson mass without the hyperfine contribution. 

This method is not applicable to the ss system because of 77-77' mixing and the absence 
of a pseudoscalar ss meson. 

For baryons we consider only the nucleon and the isoscalar baryons with one heavy or 
strange quark, A, A c and A&, where the hyperfine interaction is determined entirely by the 
light quark u and d interactions and drops out of all mass differences considered. 

Thus given the masses of two baryons = \qiud) and \Bj) = \qjud), we have 

(m qi - m qj ) udBar = M qtUd - M qjUd = M Bi - M Bj (4.2) 

If we now assume that the quark mass differences from mesons (4.1) are equal to those from 
baryons (4.2) we predict that the baryon- meson mass difference is independent of quark 
flavor 

M(Bi) - M(Vi) = M(Bj) - M{Vj) = AMB (4.3) 

which works to 4%, 

M(N) - M(p) = M (A) - M(K*) = M(A C ) - M(D*) = M(A b ) - M(B*) ^ ^ 
323 MeV « 321 MeV ss 312 MeV sa 310 MeV 
The physical interpretation of this result is simple. The baryon-meson mass differences 
computed above give the mass of a single constituent u or d quark, which is to a very good 
approximation independent of the flavor of the companion quark. 

We now calculate the mass ratio m c /m s from the hyperfine splittings in mesons and 
baryons in the same way that the mass ratio m s /m u has been calculated [1,13]. We find the 
same value from mesons and baryons to within 1%, 
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(-) = ^""^ =2.84 « f^) = ^-^ =2.82 (4.5) 
V m s / Sar M s * - M Sc V m s y Mes M D * - M D 

This ratio can be applied to the doubly charmed baryons denoted by H cc for which there is 
some experimental evidence. The spin splitting M s » c — M Scc is then predicted to be 

( ^) = Me * - Me » 2.8; Mu. - M= ^70 MeV (4.6) 



V. LIMITS OF VALIDITY OF THE SIMPLE MODEL 

A. Problems with baryon magnetic moments 

The contrast between the successes of the simple model in a large number of cases and its 
breakdown in others can provide clues to an eventual explanation from QCD. We now clarify 
its failure to explain the £ and S magnetic moments [17] in contrast with its remarkable 
success in describing the nucleon and A magnetic moments and the hadron mass spectrum 
[2,13]. The SU(3) symmetry relations between all baryon octet wave functions having two 
quarks of the same flavor and a third quark of a different flavor can be expressed in terms of 
the contributions to the baryon spin of all quarks of flavor u, d and s denoted respectively 
by A-u, Ad and As. 

Aw(£ + ) = Ad(S-) = As(S°) = As(S-) = A«(p) = Ad(n) (5.1) 



As(S+) = As(E-) = Au(E°) = Ad(E~) = Ad(p) = Au(n) (5.2) 

Eq.(5.1) states that the contributions to the baryon spin of the quark pair of the same 
flavor are the same for all baryons; eq.(5.2) states that the contributions to the baryon spin 
of the odd quark of different flavor are the same for all baryons. SU (6) relates these two 
different contributions; SU(3) does not and we do not use SU(6) here. 

We assume that baryon magnetic moments are proportional to Am, Ad and As, multi- 
plied by the quark magnetic moments whose ratios are given by the ratios of electric charges 
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(/W ' ^d) = —2 and the commonly used [13] SU(3) breaking factor (/i rf //i s ) 3/2. Then 
baryon magnetic moments are related by the SU(3) relations (5.1) and (5.2) predict, 
Aw(£+) /x(£+) - /x(£~) 3.6 As(S°) 3 -/x(S°) - 2/x(S~) 3.82 



Au(p) 2/x(p) + A«(n) " 3.67 Au(p) 2 2/x(p) + //(n) " 3.67 



1 (5.3) 



Au(E°) _ /i(S°) _ 0.60 As(£+) _ 3 -/i(£+) - 2/i(£-) _ 0.21 

Ad(p) ~ 2/i(n) + /x(p) ~ L03 ^ ' Ad(p) ~ 2 2/i(n) + //(p) ~ L03 ^ 

(5.4) 

Both predictions (5.3) are in excellent agreement with experiment, while the other two (5.4) 
are in strong disagreement. 

The nonstrange contributions to the £ moments and the strange contributions to the S 
moments agree with the SU(3) symmetry prediction; the others do not. The contributions 
of the two quarks of the same flavor in the three-quark baryon satisfy the symmetry; those 
of the odd quark in hyperons are significantly less than the odd quark contribution in the 
nucleon, in disagreement with the symmetry prediction. 

All our new successful relations between baryon masses involve only the N, A and decu- 
plet masses, and do not involve the £ and S where problems seem to arise. 

No satisfactory understanding of this discrepancy is available at the moment. It is an 
interesting challenge to use it as a clue for identifying the correct effective degrees of freedom 
at low energy and their derivation from QCD. 

B. Problems with hyperfine splittings 

An additional failure of the simple model arises in the application to states with more 
than one heavy or strange quark; e.g. in the experimental hyperfine splittings in the charmed 
D mesons [18]. Experiment gives 

- - - 1-01 + 1-60 (5.5) 

m u M(D*)-M(D S ) r 1 ; 

Some insight into the disagreement between the results (5.5) and (3.4) may be obtained 

by noting that increasing a quark mass not only decreases the strength of the hyperfine 
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interaction but also increases the value of the wave function at the origin and therefore 
increases the matrix element of the interaction. The two effects are in opposite directions 
and which is dominant is not clear a priori. The result (5.5) suggests that the two effects 
may cancel in the charmed case. But the problem remains why ignoring wave function 
effects gives such good results in the lighter quark sector. Furthermore this model has as 
yet no rigorous justification from QCD and the exact meaning of constituent quarks and 
constituent quark masses remain unclear. 

SUMMARY AND CONCLUSIONS 

We have demonstrated a new large class of simple phenomenological hadronic mass and 
magnetic moment relations. We obtained several new successful relations involving hadrons 
containing two and three strange quarks and hadrons containing heavy quarks and give 
a new prediction regarding spin splitting between doubly charmed baryons. We provided 
numerical evidence for an effective supersymmetry between mesons and baryons related by 
replacing a light antiquark by a light diquark. 

The simple mass formula eq. (2.1) holds with a single set of effective quark mass values 
for all ground state mesons and baryons having no more than one strange or heavy quark 
and also for vector mesons and spin 3/2 baryons having two and three strange quarks. 

The breakdown of this simple description in the S and E magnetic moments has been 
clarified. Contributions from the two quarks of the same flavor in all baryons satisfy SU(3) 
symmetry. All 577(3) violations are due to suppression of the contributions from the odd 
strange quark in the £ and the odd nonstrange quark in the S. Direct derivation of both 
the successful and badly broken relations from QCD is still an open challenge. 
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